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Mitosis is a highly regulated process that allows the equal distribution of the
genetic material to the daughter cells. Chromosome segregation requires the
formation of a bipolar mitotic spindle and assembly of a multi-protein struc-
ture termed the kinetochore to mediate attachments between condensed
chromosomes and spindle microtubules. In budding yeast, a single microtu-
bule attaches to each kinetochore, necessitating robustness and processivity
of this kinetochore–microtubule attachment. The yeast kinetochore-localized
Dam1 complex forms a direct interaction with the spindle microtubule.
In vitro, the Dam1 complex assembles as a ring around microtubules and
couples microtubule depolymerization with cargo movement. However,
the subunit organization within the Dam1 complex, its higher-order oligo-
merization and how it interacts with microtubules remain under debate.
Here, we used chemical cross-linking and mass spectrometry to define the
architecture and subunit organization of the Dam1 complex. This work
reveals that both the C termini of Duo1 and Dam1 subunits interact with
the microtubule and are critical for microtubule binding of the Dam1
complex, placing Duo1 and Dam1 on the inside of the ring structure. Integrat-
ing this information with available structural data, we provide a coherent
model for how the Dam1 complex self-assembles around microtubules.1. Introduction
Chromosomes must form bioriented attachments to the mitotic spindle to
ensure equal partitioning of the genetic material during mitosis. Kinetochores
are large macromolecular assemblies that form at centromeres to tether and
couple the chromosomes to the plus ends of kinetochore microtubules. At the
outer kinetochore, the conserved Ndc80 complex mediates a direct interaction
with microtubules. However, the outer kinetochore must also harness the
chemical energy released by depolymerizing microtubules and convert it to
mechanical energy to move chromosomes. In budding yeast, the 10-subunit
Dam1 complex localizes to the outer kinetochore where it attaches to the
single incoming microtubule to facilitate chromosome segregation [1]. The
Dam1 complex is also a major target of the Aurora B kinase Ipl1 to correct
erroneous kinetochore–microtubule attachments [2]. In vitro studies have
shown that the Dam1 complex assembles as a ring around microtubules [3,4].
This unique property enables the Dam1 complex to processively track the grow-
ing and shrinking ends of microtubules under load [5–7]. Thus, the Dam1
complex ring is an excellent candidate to couple microtubule depolymerization
with chromosome movement [3,4,8].
Recently, rings or partial rings have been observed at the budding yeast
kinetochore [9]. In addition, indirect data from quantitative fluorescence
microscopy estimated 16–23 molecules of Dam1 at a single kinetochore,
which is compatible with Dam1 rings assembled in vitro [10,11]. Low-resolution
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models for its self-assembly and organization around micro-
tubules, depending on the fitting of the monomeric Dam1
complex [11–13]. Reconstructions of the monomeric Dam1
complex reveal it forms an elongated structure with a protru-
sion perpendicular to the main axis, that contains the C
terminus of Dam1 [11]. In addition, the locations of the N ter-
mini of four Dam1 complex subunits and the C terminus of
Dam1 itself have been mapped [12]. However, in the absence
of high-resolution information, it is not possible to define the
structural organization of the Dam1 complex alone, its self-
assembly, or its interaction with microtubules. Hence, the
subunits and regions of the Dam1 complex that interact
with microtubules and their arrangement within the complex
remain unknown [11,12]. Here, we used cross-linking mass
spectrometry to determine the molecular architecture of the
Dam1 complex alone and bound to microtubules. Our data
provide a map of the subunit arrangement of the Dam1 com-
plex. Analysis of the Dam1 complex assembled around
microtubules reveals that the Spc34 and Ask1 subunits are
likely to be involved in self-assembly, whereas the Duo1 and
Dam1 subunits both interact with microtubules. We also
demonstrate that the C termini of Dam1 and Duo1 provide
the microtubule-binding properties to the Dam1 complex.
Our data provide key information on the organization of the
Dam1 complex around microtubules.2. Results and discussion
2.1. Architecture of the Dam1 complex in solution
In solution, the Dam1 complex is predominantly monomeric
or dimeric at low concentrations. It self-assembles in oligo-
meric complexes in a concentration-dependent manner and
when it binds to microtubules [3,4]. To define the arrange-
ment of the Dam1 complex, we conducted cross-linking
of heterodecameric Dam1 complexes by incubating the
label-free bis (sulfo-succinimidyl) suberate (BS3) cross-linker
with the Dam1 complex. For these studies, we used low con-
centrations (0.05 mg ml21) of Dam1 complex such that it
forms predominantly monomers and dimers [11]. BS3
reacts with primary amines found at the N termini of proteins
and with lysine side chains (and less favourably serine, threo-
nine and tyrosine side chains) with a range of up to 11.4 A˚
corresponding to the maximal length of the BS3 spacer.
This provides a distance from backbone to backbone carbonyl
of 27 A˚. The cross-linked samples were then separated by
SDS–PAGE into three higher-molecular weight species with
weights of approximately 110, 220 and 440 kDa (figure 1a).
Using mass spectrometry, we first identified the composition
of each band and the cross-links within each sample
(figure 1b). The bands corresponding to the 220 and
440 kDa species both contained all 10 subunits of the Dam1
complex, whereas the 110 kDa species contained a seven
protein complex lacking Dam1, Duo1 and Dad1 subunits
(electronic supplementary material, figure S1 and table S1).
The isolation of this Dam1 subcomplex is most likely due
to incomplete cross-linking, followed by subsequent separ-
ation of the proteins by denaturing SDS–PAGE. These
cross-linking data suggest these seven proteins form a core
complex, and that Dam1, Duo1 and Dad1 may be associated
with the rest of the complex through a smaller surface.Strikingly, this identified complex is very similar to that
formed in the absence of Dam1 [10]. We did not pursue the
Dam1 subcomplex species further.
To define the molecular arrangement of the various sub-
units within the Dam1 complex, we analysed the
monomeric and dimeric Dam1 complexes from the 220 and
440 kD species by mass spectrometry (electronic supplemen-
tary material, tables S2 and S3). For each sample, we
identified all 10 protein subunits. For the monomeric Dam1
complex, we could detect subgroups and intramolecular
interactions emerging within the complex (figure 1c). The
C-terminal regions of Dam1 and Duo1 displayed long-
range cross-links internally and with each other, highlighting
that these domains share a strong interface and suggesting
they may have a globular subdomain conformation. Our
data reveal that the central coiled coil region of Dam1
(125–158) assembles in a coiled coil with Duo1 (152–180).
This could explain why in the absence of Dam1, Duo1 is
not found in the remaining complex [10].
Notably, the N terminus of Ask1 formed cross-links with
the N termini of Dad4 and Dad2. Thus, Ask1–Dad4–Dad2
and Hsk3 probably form the lower part of the Dam1 com-
plex, with the N terminus of Ask1 at the most terminal
part, as mapped in previous electron microscopy (EM)
studies (figure 1d ) [12]. We did not obtain many internal
cross-links for Dad1, Dad2, Dad3, Dad4 and Hsk3, in part
owing to their small size. The N termini of the Dad2, Dad4
and Hsk3 subunits containing a-helical coiled coils formed
multiple cross-links, suggesting tight interactions between
them (figure 1c). Based on their high a-helical content and
our cross-linking data, Dad2, Dad4 and Hsk3 do not form
globular structures, but instead assemble in a coiled coil. The
N terminus of Spc34, previously mapped in the Dam1 mono-
mer by EM, formed cross-links with the N terminus of Dam1
[12]. Thus, our data indicate that the N terminus of Dam1 is
close to the N terminus of Spc34 (figure 1d ). The middle
part of Spc34 also cross-linked with Spc19, confirming
previous yeast-two hybrid interaction studies [14].
After cross-linking at low concentration, in-gel digestion
and extraction of the cross-linked Dam1 complex, the yield
of cross-links was low. This low recovery is due to the small
amount of cross-linked proteins added to each well and
extracted from each band, the low peptide recovery from in-
gel digestion, and the general decreased efficiency of the
cross-linker at low protein concentration. To increase our den-
sity of cross-links and the resolution of the architecture of the
complex, we next cross-linked a higher concentration of Dam1
complex (0.3 mg ml21) and digested the sample in solution
rather than following gel extraction. This considerably
improved our yield of cross-links, especially in regions for
which we already had cross-links, thereby increasing the
data for these interactions (figure 2 and electronic supplemen-
tary material, table S4). However, some cross-links may be
from connections formed between oligomerizing Dam1 com-
plexes, given that at concentrations around 0.5 mg ml21 the
Dam1 complex self-assembles into rings in the absence of
microtubules [12].
Dam1 is one of the largest proteins in the decameric com-
plex and occupies a central position in the complex. From
our data, the N terminus of Dam1 is at the heart of a tight
interaction network, with the N-terminal regions of Dad2–
Hsk3–Dad4–Spc34 forming a strong network around the N
terminus of Dam1, possibly resulting from oligomerization
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Figure 1. Isolation and architecture of monomeric Dam1 complex by cross-linking. (a) SDS–PAGE analysis of the Dam1 complex cross-linked with BS3. Cross-linked
Dam1 complex was excised and analysed by mass spectrometry. Asterisk denotes that excluded from our analysis. (b) Fragmentation spectrum of a cross-linked
peptide that includes a link between Lys-13 in Dad2 and Thr-2 in Spc19. Peaks supporting TDALEQSVLALEGTVSVLK are annotated in red, and those supporting
KELQSLQK are annotated in blue. (c) Intersubunit and intramolecular cross-link maps for the monomeric Dam1 complex. Intramolecular and intermolecular cross-links
are coloured purple and green, respectively. Predicted coiled coil regions are in light blue. (d ) Representative EM map of the monomeric Dam1 complex (modified
from EMDB: 1972), highlighting the reported positions of subunit termini in previous studies.
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explain why epitope tagging of the N terminus of Dam1
has proved impossible, and why expression of the nine-
protein complex lacking Dam1 results in fragmentation of
the complex [10,12]. Interestingly, the C-terminal region of
Dam1 shares a large interaction surface with the C terminus
of Duo1, displaying extensive cross-links both at low and
high cross-linking concentration, in the region containing resi-
dues that are phosphorylated by Ipl1 (figures 1c and 2a) [2].
The C terminus of Dam1 forms the outer arm of the Dam1
complex (figure 1d) [11]. Our data suggest the C terminus
of Duo1 is also part of this outer arm.
At both low and high concentration of the Dam1 complex
during cross-linking, we identified extensive cross-links
between the two a-helical coiled coils of Spc19 (73–104 and
132–165), suggesting that they form an anti-parallel dimer
(figure 2b and electronic supplementary material, tables S1
and S4). There were also multiple cross-links between Spc19
and Spc34, revealing a strong interface between these two
proteins. At high concentration, we also obtained many
cross-links between the C termini of Duo1 and Dam1 and
specifically the N terminus of Ask1 and the C termini of
Spc34 and Spc19 (electronic supplementary material,
table S4). In the monomeric Dam1 complex and from thesubunit mapping from the EM studies, Ask1 and Spc34/
Spc19 are spatially separated [12]. Therefore, these data
suggest that Ask1 and Spc34 may be the regions involved in
the Dam1 complex oligomerization interface. In total, our
data provide a physical interaction map for the Dam1 com-
plex and reveal the architecture and organization of the
Dam1 complex into key protein subcomplexes.2.2. The Duo1 and Dam1 subunits interact directly
with microtubule polymers
After defining the direct interaction map between the sub-
units within the Dam1 complex, we next sought to
determine the arrangement and self-assembly mechanism
of the Dam1 complex around microtubules. There are two
different structural models for the assembly of the Dam1
complex around microtubules, based on the structures of
the Dam1 complex alone and bound to microtubules derived
by cryoelectron microscopy [11,12]. One model (model 1,
EMDB: 1371), obtained from a helical assembly of Dam1
complexes around microtubules, proposes that the C termi-
nus of Dam1 is on the inside of the ring and points
towards the microtubule. This is in agreement with previous
Dam1
Spc34
Spc19
Duo1
phosphorylation sites
CDK/cdc28
Mps1
Aurora B/Ipl1
(b)
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P
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Figure 2. Duo1/Dam1 and Spc34/Sp19 form tight interfaces within the Dam1 complex. Cross-link maps for (a) Duo1 and Dam1 and (b) Spc19 and Spc34 show
intramolecular and intermolecular cross-links, isolated from in-solution digestion of the Dam1 complex. Green cross-links represent intermolecular links. Red and
purple connections represent intermolecular self-links (between homodimers) and intermolecular or intramolecular self-cross-links, respectively. Predicted coiled coil
regions are highlighted in blue. Regulatory sites within Dam1 targeted by Cdc28/CDK1 (S216, S250), Ipl1 (S20, S257, S265, S292) and Mps1 (S218 and S221) are
highlighted in green, red and orange, respectively.
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activity [3,10]. This model suggests a major conformational
rearrangement of the Dam1 complex occurs on binding to
microtubules, around the central core of the complex, based
on the fitting of the monomeric Dam1 complex into the
Dam1 helical reconstruction around microtubules [11]. The
second model, derived from a single particle reconstruction
of individual rings of assembled Dam1 complexes around
microtubules [12,13] (model 2, EMDB: 5254), positions the
C-terminal protrusion of Dam1 on the outside of the Dam1
ring, 300 A˚ away from the microtubule lattice. In this
model, the Dam1 complex does not undergo any confor-
mational changes upon oligomerizing on microtubules and
the C terminus of the Dam1 complex is at the self-assembly
interface. To determine which model is correct and to define
which subunits interact with the microtubules, we assembled
the Dam1 complex on microtubules (figure 3a) and cross-
linked the sample with 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC). EDC cross-links lysineside chains and primary amine groups (and less favourably
serine, threonine and tyrosine side chains) to aspartate or glu-
tamate carboxyl groups. Mass spectrometry analysis of the
cross-linked products revealed that the C termini of Duo1
and Dam1 both made specific cross-links with a- and
b-tubulin (figure 3b and electronic supplementary material,
table S5) [16]. Surprisingly, the cross-links obtained involved
the solvent-exposed folded domains of a- and b-tubulin
rather than their acidic tails. Duo1 and Dam1 cross-linked
to E417 and E423 in a-tubulin (a-tubcluster), and to E108 and
E111 (b-tubcluster1), and E157, E158 and D161 (b-tubcluster2)
in b-tubulin (figure 3c). These interactions are reminiscent
of the binding of the Ska1 complex, thought to be the
human orthologue of the Dam1 complex, to microtubules
[17]. The termini of Dam1 and Duo1 are thought to be flexible
and unstructured [10], unlike the human counterpart Ska1
complex. However, they appear to bind to the same region
on the microtubule lattice. Given that the maximum length
that EDC can cover is 20 A˚, this indicates that the C termini
66.4
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Figure 3. The Dam1 complex interacts with microtubules by recognizing the globular regions of tubulin monomers. (a) Coomassie-stained gel shows cosedimenta-
tion of the Dam1 complex in the presence of 2 mM taxol-stabilized microtubules. (b) Linkage map shows the sequence position of all the cross-linked residue pairs
between the Dam1 complex and porcine a- and b-tubulin. Cross-linked products were digested in solution followed by MS analysis. Red and green boxes above the
b-tubulin show regions of tubulin involved in longitudinal and lateral contacts, respectively. Predicted coiled coil regions are in blue. Regulatory sites within Dam1
targeted by Cdc28/CDK1 (S216, S250), Ipl1 (S20, S257, S265, S292) and Mps1 (S218 and S221) are highlighted in green, red and orange respectively. (c) Cartoon
representation of tubulin dimer where residues involved in cross-linking with the Dam1 complex residues are highlighted in stick representation. The region where
Ndc80 interacts with tubulin as reported in is shown in pink [15]. (d ) Proposed models for the assembly of the Dam1 complex around the microtubules. Model of
the Dam1 complex assembled as a ring (right, EMDB: 5254 [13]). The map of the Dam1 complex dimer (EMDB: 1972) is fitted into the electron density map of the
Dam1 complex assembled as a ring and is painted in grey. The location of the C terminus of Dam1 in this model is highlighted as a red circle. The location of the C
terminus of Dam1 mapped from the earlier proposed model (EMDB: 1371) is circled in green. Scale bar represents 20 A˚.
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(figure 3d ). Therefore, it is unlikely that the protrusion arm
containing Dam1 and Duo1 is on the outside of the ring, as
proposed by model 2 [12].
2.3. Spc34 and Ask1 interact during self-assembly
of the Dam1 complex around microtubules
To determine how oligomerization of the Dam1 complex
around microtubules occurs, we compared the cross-links
obtained for the Dam1 complex in solution and when
bound to microtubules. We mapped the cross-links that
were unique to the Dam1 complex self-assembled around
microtubules. From the subunit mapping onto the EM struc-
ture of the monomer, Spc34 and Ask1 are at the opposite
ends of the monomer [12]. However, in the presence of micro-
tubules, we observed that Ask1 cross-linked to Spc34 with
both BS3 and EDC cross-linkers (figure 4 and electronic sup-
plementary material, tables S5 and S6). This indicates that,
when the Dam1 complex is oligomerized around micro-
tubules, Ask1 is in close proximity to Spc34 (figure 4).
We also found Ask1 cross-links to the N terminus of Dam1,
while still cross-linking to Dad2 and Dad4 (figure 4 and elec-
tronic supplementary material, table S5). In addition, Spc34
and Spc19 formed cross-links with Ask1 and the N terminus
of Dad4 when the Dam1 complex was cross-linked at aconcentration at which it oligomerizes (electronic supplemen-
tary material, table S4). Therefore, we suggest that Spc34 and
Ask1 form intercomplex interfaces during self-assembly of
the Dam1 complex around microtubules. Spc34 and Spc19
cross-links were obtained from the Dam1 subcomplex, as
well as from cross-linked monomeric and dimeric Dam1 com-
plex (figure 1c and electronic supplementary material, figure
S1), arguing that these cross-links are intrinsic to the mono-
meric Dam1 complex, rather than between monomers [16].
In addition, yeast two-hybrid studies showed a direct inter-
action between the regions of Spc34 and Spc19 for which
we obtained cross-links [14]. Finally, at high concentrations
of the Dam1 complex, we observed extensive cross-linking
of the Dam1 and Duo1 C termini with themselves and with
other subunits, in particular the C terminus of Spc34. These
cross-links suggest these proteins may promote self-assembly
through self-interaction (figure 2a). In agreement with this
observation, the Dam1 complex lacking the C terminus and
the phosphomimetic Dam1 complex with mutations mimick-
ing Ipl1 phosphorylation showed a decreased ability to
oligomerize and a reduced affinity for microtubules [11].
However, most of these interactions were not observed
when the Dam1 complex was assembled on microtubules.
Therefore, Duo1 and Dam1 together play a pivotal role in
recruiting the Dam1 complex to microtubules and promoting
its self-assembly.
Figure 4. Architecture of the Dam1 complex on microtubules. Cross-links within the Dam1 complex in the presence of EDC. Cross-links present in the Dam1 complex
assembled on microtubules, but absent in the monomeric Dam1 complex cross-linked in solution, are highlighted in red. Cross-links present for the Dam1 complex
cross-linked at low concentration in solution are highlighted in green. Predicted coiled coil regions are in blue.
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integrity of the Dam1 complex and for its
interaction with microtubules
To test the role of the C termini of Duo1 and Dam1 on the
assembly and microtubule-binding properties of the Dam1
complex, we generated mutants of the Dam1 complex lacking
the C terminus of Duo1 (D184 and D211) and both the C ter-
mini of Duo1 and Dam1. We first purified the Dam1 complex
Dam1–19, which lacks the last 138 amino acids of the C ter-
minus (Dam1DC). It behaved similarly to the Dam1
complex by analytical size-exclusion chromatography
(figure 5a) [3]. We then purified the Dam1 complex
Duo1D184 and Dam1 complex Duo1D211, further termed
Duo1DC (figure 5a,b). All 10 proteins could still be purified
using the affinity purification tag on Hsk3 and identified by
mass spectrometry. Unexpectedly, we could purify the com-
plex of 10 proteins but also obtained some smaller
complexes containing Hsk3 for both mutants (figure 5a,b).
To further dissect the architecture of the Dam1 complex lack-
ing the C terminus of Duo1, we conducted cross-linking on a
fraction corresponding to the elution of the full Dam1 com-
plex Duo1D184 (red box; figure 5b). We obtained multiple
cross-links between the coiled coil regions of Dam1 and
Duo1, as previously (figure 5c and electronic supplementary
material, table S7). We still observed a tight network of cross-
links between Dad1, Dad2, Dad3, Dad4 and Hsk3. However,
we did not find many cross-links between the other subunits,
when compared with wild-type Dam1 complex. Thus, while
all 10 proteins co-eluted as a complex, the structural integrity
of the Dam1 complex was affected by the absence of Duo1 C
terminus. Interestingly, Zelter et al. [16] found the C terminus
of Duo1 to cross-link with Dad1, Dad2, Dad3, Spc19 and
Spc34 in the absence of microtubules, which agrees with
the role of Duo1 we reveal presently.
Our cross-linking data suggested Duo1 and Dam1 were
the two subunits contributing to the microtubule-binding
properties of the Dam1 complex. To further test this, we pur-
ified a Dam1 complex Dam1DC/Duo1DC, lacking the C
termini of Duo1 and Dam1. Similar to the Dam1 complex
Duo1DC mutants, we also recovered smaller subcomplexes
containing his-tagged Hsk3, which could be separated by
size-exclusion chromatography (figure 5a). We then testedthe microtubule-binding properties of the Dam1 complex
Dam1DC/Duo1DC eluting as a 10-protein complex (dark
green box) using 350 nM Dam1 complex in a microtubule
co-sedimentation assay. The Dam1 complex Dam1DC/
Duo1DC remained in the supernatant in the presence of
microtubules, whereas the Dam1 complex, the Dam1
complex Duo1DC and the Dam1 complex Dam1DC cosedi-
mented with microtubules, as previously shown (figure 6a,b
and electronic supplementary material, figure S2) [3]. Thus,
we demonstrated that the Dam1 complex lacking both the
C termini of Dam1 and Duo1 no longer has the ability to
bind to microtubules. In lower ionic strength (60 mM
NaCl), we observed weak binding of the Dam1 complex
Dam1DC/Duo1DC to microtubules. However, the Dam1
complex Dam1DC/Duo1DC bound less to microtubules
than the Dam1 complex Dam1DC, which could still robustly
bind to microtubules (figure 6c). Thus, these data indicate
that the C terminus of Duo1 contributes to the binding of
the Dam1 complex to microtubules. The residual binding of
the Dam1 complex Dam1DC/Duo1DC to microtubules is
most likely due to both the presence of residues 160–205 in
Dam1, which interact with microtubules electrostatically
(figure 3b), and the cooperativity of the Dam1 complex to
self-assemble on the microtubules, even when the affinity of
a single Dam1 complex for microtubules is very low. Taken
together, the C terminus of Duo1 forms the core of the inter-
action network within the Dam1 complex, is essential for the
stability of the Dam1 complex in solution and is a major con-
tributor to the microtubule-binding properties of the Dam1
complex.
2.5. Duo1 and Dam1 as force-transducing couplers
during chromosome segregation
Structural insights into the Dam1 complex have been generated
previously from a low-resolution map of the monomeric Dam1
complex combined with the positioning of the N termini of
Spc34, Duo1, Ask1 and Spc19 and the C terminus of Dam1 in
this EM density [12]. Using an orthogonal approach, we now
report a structural map of the Dam1 complex that provides
new structural insights, advancing our understanding of the
Dam1 complex connectivity and organization. Our data are
also in good agreement with previous yeast two-hybrid studies
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that the C termini of Dam1 and Duo1 are the two contributors
to the interaction of the Dam1 complex with microtubules [16].
Dam1 and Duo1 bind to multiple sites at the surface of the
microtubule lattice. These results explain why in the absence
of the C terminus of Dam1 (in a dam1–19 temperature sensitive
mutant), theDam1 complex is still functional such that the yeast
are able to grow, but have very short spindles [1]. The dam1–19
mutant complex has a reduced, but not absent, affinity for
microtubules and its force-transducing coupling ability is
reduced [8]. Thus, the C terminus of Duo1 still provides
microtubule-anchoring function to the Dam1 complex, even in
the absence of the Dam1 C terminus.
The acidic tail of tubulin increases the strength of the
Dam1 complex–microtubule interaction, but is not the major
determinant of this interaction. Phosphorylation of the C ter-
minus of Dam1 by Ipl1 reduces the affinity of the Dam1
complex for microtubules in vitro and constitutively mimick-
ing this phosphorylation disrupts microtubule interactions
in vivo [2,3]. The large number of cross-links between the
lysine residues in the C terminus of Dam1 and the acidic resi-
dues in tubulin indicate that the interaction is electrostatic
and that phosphorylation reduces this interaction through
electrostatic repulsion. The fungal Dam1 complex and themetazoan Ska1 complex are structurally distinct, but are
likely to represent functional homologues [18]. Interestingly,
both the Dam1 and Ska1 complexes bind to the microtubule
using a similar interface with tubulin rather than the acidic
tails of tubulin [17]. The Ska1 complex binds both straight
and curved microtubule protofilaments [19]. The Dam1 com-
plex may also bind to curved microtubules, according to the
conformational wave model [20]. Our data highlight that the
Dam1 complex uses the acidic tails of tubulin to enhance its
affinity for the microtubules, but primarily recognizes the
microtubule surface. The acidic tails of tubulin may help
with electrostatic lattice diffusion of the Dam1 complex, simi-
larly to MCAK [21,22]. Our work and proteolytic experiments
on the Dam1 complex associated with the microtubule show
that the C termini of Dam1 and Duo1 are both flexible and
necessary for microtubule binding [10]. In addition, the elec-
tron density for the Dam1 complex close to microtubules is
very weak and averaged out during refinement, which is typi-
cal for flexible regions [10–12]. Taken together, the C termini
of Dam1 and Duo1 are flexible and Duo1 and Dam1 interact
with the microtubule lattice electrostatically rather than
making a footprint on the lattice.
Our data and Zelter et al. [16] also suggest that the C ter-
minus of Duo1 is involved in an important conformational
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Although our data cannot determine the extent of the confor-
mational change upon binding of the Dam1 complex to
microtubules proposed by the structural model 1, we can
rule out the structural model 2 for self-assembly of the
Dam1 complex around microtubules based on the close proxi-
mity of the C termini of Dam1 and Duo1 to microtubules
within 20 A˚ (figure 3d) [16]. The site occupied by the Dam1
complex on the lattice is also compatible with Ndc80 complex
binding at the interface between the a-tubulin and b-tubulin
(figure 3c) [15,23]. Finally, our work suggests we can uncou-
ple the microtubule-binding properties of the Dam1 complex
from its oligomerization properties (figure 6). Future high-
resolution work is required to understand how the Dam1
complex oligomerizes around microtubules to couple
chromosome movement to depolymerizing microtubules.3. Material and methods
3.1. Dam1 complex protein purification and
cosedimentation assay
The Dam1 complex was expressed and purified as described
[3]. Site-directed mutagenesis of Duo1 was performed using
DNA oligos for Duo1D184 50-gatttaagccttgatttggttactttgctgg
tgcagcatccttt-30 and 50-aaaggatgctgcaccagcaaagtaaccaaatcaaggcttaaatc-30 and for Duo1D211 50-atgggtctttcttactcttcagtta
tttgaaattcctgccg-30 and 50-cggcaggaatttcaaataactgaagagtaa
gaaagacccat-30 to insert a stop codon at position 184 and 211,
respectively. The Dam1 complexes Duo1DC and Dam1DC/
Duo1DC were purified using Ni–NTA affinity purification
(GE Healthcare) followed by size-exclusion chromatography
on a Superose 6 column (GE Healthcare), as they did
not bind to the ion-exchange column. Microtubule cosedi-
mentation assay was performed as previously described
[22]. The binding assay was performed in a final concentration
of 150 mM NaCl, unless stated otherwise. The samples
were resolved by SDS–PAGE (12% Bis–Tris or Tricine
16% NuPAGE, Invitrogen) and stained using Instant Blue
(Expedeon). For Western blotting, the proteins were trans-
ferred to a nitrocellulose membrane and probed for Dam1
using a rabbit anti-Dam1 antibody (kind gift from Prof.
Tomo Tanaka). Experiments were repeated three times.
3.2. Protein cross-linking
The mixing ratio of BS3 (Thermo Fisher Scientific) to complex
was determined for the Dam1 complex using 5 mg aliquots
and using a protein-to-cross-linker ratio (w/w) of 1 : 1, 1 : 2,
1 : 3, 1 : 4, 1 : 5, 1 : 6 and 1 : 7, respectively. Low concentration
of the Dam1 complex, at 0.05 mg ml21, was used to minimize
cross-linking of higher-order structures. As the best con-
dition, we chose the ratio that was sufficient to convert
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weight band corresponding to the monomeric and dimeric
Dam1 complexes (1 : 5–1 : 7), but did not cross-link the
Dam1 complex into aggregates, as judged by SDS–PAGE
analysis. The reactions were resolved by SDS–PAGE
(4–12% Bis–Tris NuPAGE, Invitrogen) gel separation and
stained using Instant Blue (Expedeon). The bands were
then excised, and the proteins therein were reduced using
5 mM BME for 30 min at room temperature, alkylated with
55 mM iodoacetamide for 20 min in the dark at room temp-
erature and digested using trypsin (sequencing grade;
Promega) overnight at 378C. Cross-linked peptides were
analysed as previously described [17].
3.2.1. Preparation of cross-linked Dam1 complex alone (high
concentration)
Purified Dam1 complex of 6 mg was mixed with 20 mg BS3
dissolved in 10 ml BRB80 at a final concentration of
0.3 mg ml21 and incubated at room temperature for 40–
60 min. The reaction was stopped by adding 2.5 ml of 2.5 M
ammonium bicarbonate for 45 min on ice. The protein was
then precipitated with 20% TCA and left overnight at 48C.
3.2.2. Preparation of Dam1 complex cross-linked to microtubules
The purified Dam1 complex (6 mg) was incubated with 4 mg
taxol-stabilized microtubules in BRB80 (80 mM PIPES pH
6.80, 1 mM EGTA, 1 mM MgCl2) for 10 minutes at room
temperature. The complex was then spun at 13 000 r.p.m. at
room temperature in a benchtop centrifuge to remove free
tubulin and unbound Dam1 complex. The microtubule–
Dam1 complex pellet was washed twice in warm BRB80
buffer containing 2 mM taxol. The Dam1–microtubule
complex was mixed with 10 mg 1-ethyl-3-[3-dimethylamino-
propyl] carbodiimide hydrochloride (EDC, Thermo FisherScientific) and 22 mg of N-hydroxysulfosuccinimide (Sulfo-
NHS, Thermo Fisher Scientific) dissolved in 20 ml BRB80
and incubated at room temperature for 1 h. The complex
was then spun at 13 000 r.p.m. at room temperature and
lyophilized.3.2.3. Preparation of samples for mass spectrometry analysis
Cross-linked complex proteins were reduced, alkylated and
digested following standard procedures [24]. Trypsin (Pro-
mega) and Lys-C (Roche) digestion was then performed
according to manufacturer’s protocols. Cross-linked peptides
were desalted using C18 StageTips [25,26].3.3. Mass spectrometry
Peptides were analysed on LTQ Orbitrap Velos (Thermo
Fisher Scientific) as previously described [17].
Data accessibility. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE [27]
partner repository with the dataset identifier PXD003678.
Authors’ contributions. T.L., J.Z. and A.S. performed experiments and data
analysis. J.R. performed data analysis. J.W. designed and performed
the experiments and wrote the manuscript.
Competing interests. We declare we have no competing interests.
Funding. The Wellcome Trust generously funded this work through a
Senior Research Fellowship to J.R. (103139), a Centre core grant
(092076) and an instrument grant (108504). J.P.I.W. is supported by
a CRUK Career Development Fellowship (C40377/A12840) and a
FP7 Marie Curie Re-integration grant (RE7562).
Acknowledgements. We thank Iain Cheeseman and the Welburn labora-
tory for critical reading of the manuscript, Sandeep Talapatra for
student supervision during the early stage of the project, J.P. for
the tubulin model and Bettina Boettcher for help with Chimera. We
thank Stefan Westermann for the kind gift of the Dam1–19
(Dam1DC) bacterial expression plasmid.References1. Cheeseman IM, Enquist-Newman M, Muller-Reichert
T, Drubin DG, Barnes G. 2001 Mitotic spindle
integrity and kinetochore function linked by the
Duo1p/Dam1p complex. J. Cell Biol. 152, 197–212.
(doi:10.1083/jcb.152.1.197)
2. Cheeseman IM, Anderson S, Jwa M, Green EM,
Kang J, Yates JRIII, Chan CSM, Drubin DG, Barnes G.
2002 Phospho-regulation of kinetochore–
microtubule attachments by the Aurora kinase
Ipl1p. Cell 111, 163–172. (doi:10.1016/S0092-
8674(02)00973-X)
3. Westermann S, Avila-Sakar A, Wang HW,
Niederstrasser H, Wong J, Drubin DG, Nogales E,
Barnes G. 2005 Formation of a dynamic
kinetochore–microtubule interface through
assembly of the Dam1 ring complex. Mol.
Cell 17, 277–290. (doi:10.1016/j.molcel.2004.
12.019)
4. Miranda JJ, De Wulf P, Sorger PK, Harrison SC. 2005
The yeast DASH complex forms closed rings on
microtubules. Nat. Struct. Mol. Biol. 12, 138–143.
(doi:10.1038/nsmb896)5. Grishchuk EL et al. 2008 The Dam1 ring binds
microtubules strongly enough to be a processive as
well as energy-efficient coupler for chromosome
motion. Proc. Natl Acad. Sci. USA 105, 15 423–
15 428. (doi:10.1073/pnas.0807859105)
6. Grishchuk EL, Spiridonov IS, Volkov VA, Efremov A,
Westermann S, Drubin D, Barnes G, Ataullakhanov
FI, McIntosh JR. 2008 Different assemblies of
the DAM1 complex follow shortening microtubules
by distinct mechanisms. Proc. Natl Acad. Sci.
USA 105, 6918–6923. (doi:10.1073/pnas.
0801811105)
7. Asbury CL, Gestaut DR, Powers AF, Franck AD, Davis
TN. 2006 The Dam1 kinetochore complex harnesses
microtubule dynamics to produce force and
movement. Proc. Natl Acad. Sci. USA 103,
9873–9878. (doi:10.1073/pnas.0602249103)
8. Westermann S, Wang HW, Avila-Sakar A, Drubin DG,
Nogales E, Barnes G. 2006 The Dam1 kinetochore
ring complex moves processively on depolymerizing
microtubule ends. Nature 440, 565–569. (doi:10.
1038/nature04409)9. McIntosh JR, O’Toole E, Zhudenkov K, Morphew M,
Schwartz C, Ataullakhanov FI, Grishchuk EL. 2013
Conserved and divergent features of kinetochores
and spindle microtubule ends from five species.
J. Cell Biol. 200, 459–474. (doi:10.1083/jcb.
201209154)
10. Miranda JJ, King DS, Harrison SC. 2007 Protein arms
in the kinetochore–microtubule interface of the
yeast DASH complex. Mol. Biol. Cell 18, 2503–2510.
(doi:10.1091/mbc.E07-02-0135)
11. Wang HW, Ramey VH, Westermann S, Leschziner AE,
Welburn JP, Nakajima Y, Drubin DG, Barnes G,
Nogales E. 2007 Architecture of the Dam1 kinetochore
ring complex and implications for microtubule-
driven assembly and force-coupling mechanisms. Nat.
Struct. Mol. Biol. 14, 721–726. (doi:10.1038/
nsmb1274)
12. Ramey VH, Wong A, Fang J, Howes S, Barnes G,
Nogales E. 2011 Subunit organization in the Dam1
kinetochore complex and its ring around
microtubules. Mol. Biol. Cell 22, 4335–4342.
(doi:10.1091/mbc.E11-07-0659)
rsob.royalsocietypublishing.org
Open
Biol.6:150237
10
 on March 21, 2016http://rsob.royalsocietypublishing.org/Downloaded from 13. Ramey VH, Wang HW, Nakajima Y, Wong A, Liu J,
Drubin D, Barnes G, Nogales E. 2011 The Dam1 ring
binds to the E-hook of tubulin and diffuses along
the microtubule. Mol. Biol. Cell 22, 457–466.
(doi:10.1091/mbc.E10-10-0841)
14. Ikeuchi A, Nakano H, Kamiya T, Yamane T,
Kawarasaki Y. 2010 A method for reverse
interactome analysis: high-resolution mapping of
interdomain interaction network in Dam1 complex
and its specific disorganization based on the
interaction domain expression. Biotechnol. Prog. 26,
945–953. (doi:10.1002/btpr.403)
15. Alushin GM, Ramey VH, Pasqualato S, Ball DA,
Grigorieff N, Musacchio A, Nogales E. 2010 The
Ndc80 kinetochore complex forms oligomeric arrays
along microtubules. Nature 467, 805–810. (doi:10.
1038/nature09423)
16. Zelter A et al. 2015 The molecular architecture of
the Dam1 kinetochore complex is defined by cross-
linking based structural modelling. Nat. Commun. 6,
8673. (doi:10.1038/ncomms9673)
17. Abad MA et al. 2014 Structural basis for microtubule
recognition by the human kinetochore Ska complex.
Nat. Commun. 5, 2964. (doi:10.1038/ncomms3964)18. Welburn JP, Grishchuk EL, Backer CB, Wilson-
Kubalek EM, Yates JRIII, Cheeseman IM. 2009
The human kinetochore Ska1 complex facilitates
microtubule depolymerization-coupled motility. Dev.
Cell 16, 374–385. (doi:10.1016/j.devcel.2009.
01.011)
19. Schmidt JC et al. 2012 The kinetochore-bound
Ska1 complex tracks depolymerizing microtubules
and binds to curved protofilaments. Dev. Cell
23, 968–980. (doi:10.1016/j.devcel.2012.09.012)
20. Asbury CL, Tien JF, Davis TN. 2011 Kinetochores’
gripping feat: conformational wave or biased
diffusion? Trends Cell Biol. 21, 38–46. (doi:10.1016/
j.tcb.2010.09.003)
21. Helenius J, Brouhard G, Kalaidzidis Y, Diez S, Howard
J. 2006 The depolymerizing kinesin MCAK uses lattice
diffusion to rapidly target microtubule ends. Nature
441, 115–119. (doi:10.1038/nature04736)
22. Talapatra SK, Harker B, Welburn JP. 2015 The C-terminal
region of the motor protein MCAK controls its structure
and activity through a conformational switch. Elife 4,
e06421. (doi:10.7554/eLife.06421)
23. Alushin GM, Musinipally V, Matson D, Tooley J,
Stukenberg PT, Nogales E. 2012 Multimodalmicrotubule binding by the Ndc80 kinetochore
complex. Nat. Struct. Mol. Biol. 19, 1161–1167.
(doi:10.1038/nsmb.2411)
24. Welburn JP, Vleugel M, Liu D, Yates JRIII, Lampson
MA, Fukagawa T, Cheeseman IM. 2010 Aurora B
phosphorylates spatially distinct targets to
differentially regulate the kinetochore–microtubule
interface. Mol. Cell 38, 383–392. (doi:10.1016/j.
molcel.2010.02.034)
25. Rappsilber J, Ishihama Y, Mann M. 2003 Stop
and go extraction tips for matrix-assisted laser
desorption/ionization, nanoelectrospray, and LC/
MS sample pretreatment in proteomics.
Anal. Chem. 75, 663–670. (doi:10.1021/
ac026117i)
26. Rappsilber J, Mann M, Ishihama Y. 2007 Protocol for
micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips.
Nat. Protoc. 2, 1896–1906. (doi:10.1038/nprot.
2007.261)
27. Vizcaı´no JA et al. 2016 2016 update of the
PRIDE database and related tools. Nucleic
Acids Res. 44, D447–D456. (doi:10.1093/nar/
gkv1145)
